
AD-11 98 HENRY KRUMB SCHOOL OF M1INES NEW YORK F/6 11/6
THE EFFECTS OF SMALL DEFORMATION ON CREEP AND STRESS RUPTUAKE OF--ETC(UI
MAR 82 T E HOWSON. V NARDONE, J K TIEN

UNCLASSIFIED AFOSR-TR-82-0305 N

EEEEEEEEosohhE



SECURITY CLASSIFICATION OF THIS PAGE (NonJ)OL. Entered)

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS
BEFORE COMPLETING FORM

190l 2U5 2. GOVT ACCESSION NO. 5XIPIENT'S CATALOG NUMBER

4. TITLE (and Subtile) THE EFFECTS OF SMALL DEFORMATION ON A. TYPE OF REPORT & PERIOD COVERED

CREEP AND STRESS RUPTURE OF ODS SUPERALLOYS-- 1 J e c0 c-30 ept1 June 1980 - 30 Sept. 1981 ".
" 6. PERFORMING ORG. REPORT NUMBER

OR(s) S. CONTRACT OR GRANT NUMBER(e)

Timothy E. Howson
Vincent Nardone AFOSR-78-3637
John K. Tien

I ORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASKAROJEAT WORK U NI.NMBR

Henry Krumb School of Mines
Columbia University (IM1/2.-
New York, NY 10027

-In TROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

AFOSR/NE, Bldg 410 12 March 1982
"mm- Bolling Air Force Base 13. NUMBER OF PAGES

Washington, DC 20332 19
IiTORING AGENCY NAME & ADDRESS(if different from Controlling Office) IS. SECURITY CLASS. (of this report)

ISa. DECL ASSI FICATION/DOWNGRADING
SCHEDULE

rRIBUTION STATEMENT (of this Report)

Appiroed ro, Publ a release"
distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in wtocK du, if different from Report) DTIC -...
: p~tELECTIE._

18. SUPPLEMENTARY NOTES IM,

L/ I ~ ",-z: " t

19. KEY WORDS (Continue on reverse aide if necessary and identify by block number)

Creep, stress rupture, cyclic creep, cyclic stress rupture, oxide dispersion
strengthening, y' precipitation strengthening, mechanical alloy

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)

This Air Force sponsored research program aims to enhance understanding of the
effects of predeformation on the creep and stress rupture of oxide dispersion
strengthened (ODS) alloys and also of the cyclic creep and cyclic stress rup-
ture behavior of ODS alloys. During the third program year, the research

c..~ effort was focused on the 760°C cyclic creep behavior of MA 6000E, an advanced
ODS superalloy that is strengthened by a unique combination of y' precipitates

L.J and oxide dispersoids for both intermediate and elevated temperature strength.

L j _- D D I J A N 73 1...4. .7.3
L..D ~ 14 iSECURITY CLASSIFICATION O

r 
THIS PAGE (When Data Entered) 4

.. .. ,, m n m .I I l I l I I l



SECURITY CLSS _' r PAGE(%7tn V.A. Enlt.',d)

Cycling the load at 7600 C resulted in a dramatic decrease in the minimum strain
rate and an increase in the rupture life relative to the static case (no load
cycling). The magnitude of the effect increased as the cyclic period decreased
--there is an order of magnitude decrease in the minimum creep rate in going
from a static test to a cyclic period of ten minutes. The creep deceleration
involves storage and recovery of anelastic strain, and this mechanism is dis-
cussed and modeled. Comparisons of the cyclic creep properties of ODS alloys
and conventional superalloys show that the effects of reduced minimum creep
rate and extended rupture life due to cyclic loading during creep are more sig-
nificant and pronounced in ODS alloys than in other alloys and superalloys that
are not dispersion strengthened.,.

O .

SECURlITY CLASSIFICATI N OF THIS PAkGEI'fWho Date Entoed)

..-. ... . . .

, .. -.. . .. , .



UMO6-TR- 82-0305

Progress Report

on

THE EFFECTS OF SMALL DEFORMATION ON CREEP AND STRESS RUPTURE

BEHAVIOR OF ODS SUPERALLOYS Accession For
DTIC TAB
Unannounced 0

to tirto OTIG Justificon

AFOSR/NE Cp__o_ _
Bldg 410 Distribution/Boiling Air Force Base AvailabilWashington, D.C. 20332 Avail ty Codes

Attn: Dr. Alan Rosenstein Dat Specal

Timothy E. Howson, Vincent Nardone and John K. Tien

PRINCIPAL INVESTIGATOR: Professor John K. Tien
Columbia University

GRANTz AFOSR-78-3637

REPORT DATED: 12 March 1982

REPORT PERIOD: I June 1980 - 30 September 1981

AIR FORICE OFFICE OF SCIENTIFIC RESEARCH (AysC)
NOTICE OF TRANSMITTAL T0 DTIC
This technical report has been reviewed and is

,4at ,lb o'l, .2. - approved for public rulease IAWAFR 19 -12.
t jQe3  e Distribution is unlimited.

-oLTHEW 3. RERTER
Chief, Tehnioal Information Division

82 04 26 139



Abstract

~----This Air Force sponsoredresearch program aims to enhance understanding

of the effects of predeformation on the creep and stress rupture of oxide

dispersion strengthened (ODS) alloys and also of the cyclic creep and cyclic

stress rupture behavior of ODS alloys. During the third program year, the

research effort was focused on the 7600C cyclic creep behavior of MA 6000E,

an advanced ODS superalloy that is strengthened by a unique combination of

y,' precipitates and oxide dispersoids for both intermediate and elevated

temperature strength. Cycling the load at 7600C resulted in a dramatic de-

crease in the minimum strain rate and an increase in the rupture life

relative to the static case (no load cycling). The magnitude of the effect

increased as the cyclic period decreased--there is an order of magnitude

decrease in the minimum creep rate in going from a static test to a cyclic

period of ten minutes. The creep deceleration involves storage and re-

covery of anelastic strain, and this mechanism is discussed and modeled.

Comparisons of the cyclic creep properties of ODS alloys and conventional

superalloys show that the effects of reduced minimum creep rate and extended

rupture life due to cyclic loading during creep are more significant and

pronounced in ODS alloys than in other alloys and superalloys that are not

dispersion strengthened.

\

-I-r



Table of Contents

Page

ABSTRACT........... . .... .. .. .. .. .. .. .....

INTRODUCTION.......... . ... .. .. .. .. .. .. .....

PROGRESS REPORT. .. .. .... ..... ...... ...... 5

REFERENCES. .. ... ..... ...... ..... ..... 9

TABLES AND FIGURES. .. ... ..... ...... ....... 10

LIST OF PUBLICATIONS AND PRESENTATIONS. .. ... ........ 14

PERSONNEL ASSOCIATED WITH THE RESEARCH EFFORT. .. .. ...... 17

THESES ARISING FROM THE RESEARCH. .. ... ..... ......1

INTERACTIONS WITH OUTSIDE RESEARCH GROUPS .. .. .. ....... 19



I 
r

Introduction

Advances in turbine engines are paced by the development and understand-

ing of alloys with higher temperature capabilities than the conventional

superalloys currently used. The most recent increases in turbine first stage

skin temperatures were realized by application of directionally solidified

(DS) and monocrystalline nickel-base superalloys. Even higher engine operat-

ing temperatures may be attained by harnessing the potential offered by one

of several developing technologies. One major materials advance has been the

development of oxide dispersion strengthened (ODS) superalloys for critical

engine applications such as combustors and first turbine stage vanes and

blades.

ODS alloys have been recognized for over two decades as having the

potential of being applied at very high temperatures. However, it is only

the recent advances in superalloy powder metallurgy processing, in particular

mechanical alloying (1), that have finally resulted in the manufacture of

ODS alloys of high and consistent quality and of versatile chemistry that

have the required mechanical properties and reliability.

To illustrate the high temperature capabilities of two advanced (and

recently commercialized) ODS alloys, Inconel alloys MA 754 and MA 6000E,

our data showing stresses to result in creep rupture in 100 hours are plotted

as a function of temperature for these two alloys and for other cast and

wrought nickel-base superalloys in Fig. 1. MA 754 is a Ni-2OCr solid solu-

tion alloy strengthened by dispersed yttrium oxide particles comprising

about 1 volume percent. Above 10930C (20000F) no conventional superalloy

can favorably compare with MA 754. MA 6000E is a highly alloyed superalloy,

strengthened by both 50 volume percent of y' precipitates plus about 1.3

I)
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volume percent of dispersed yttrium oxide particles. The unusual microstruc-

ture of this alloy is shown in Fig. 2. The unique combination of strengthening

mechanisms gives MA 6000E creep strength over a wide temperature range, Fig. 1.

At intermediate temperatures the y' precipitation gives MA 6000E strength char-

acteristic of high strength superalloys while the oxide dispersion gives MA 6000E

by far the highest elevated temperature strength. MA 6000E is a potential

turbine blade material and MA 754 is a turbine guide vane alloy that is already

realizing applications in military engines.

In past work at Columbia, we have studied in detail the static creep and

stress rupture behavior of MA 754, MA 6000E and other ODS alloys and integrated

the results into and extended current theories of creep-deformation. This

AFOSR-sponsored research program has extended that work to a study of the

effects of small deformations on the creep and stress rupture behavior of ODS

alloys and also a study of the cyclic creep and cyclic stress rupture prop-

erties of these alloys. The work has been centered on the alloys MA 754

and MA 6000E.

Small deformations were implemented by different pretreatments chosen to

address situations of both practical and scientific interest. Creep and

stress rupture properties and microstructures of MA 754 were first examined

after (a) small amounts of relatively high strain rate tensile creep defor-

mation; (b) the introduction of notches; and c) hot isostatic pressing (HIP).

There has been little study of the effect of small predeformations on subse-

quent properties which is vital since this type of experiment is a possible

simulation of mission environment where brief overloading of turbine engine

components can occur. No data on the effect of notches on mechanical proper- V
ties have been published on the ODS alloys of current aerospace interest.

i ~



3

This information is absolutely necessary, since notches and stress concen-

trations are always present in engineering structures. There is also a need

to study the effect on properties of other pretreatments such as hot isostatic

pressing (HIP), in part because HIP treatments may potentially be useful as

a beneficial thermomechanical treatment for these types of alloys. Our ex-

perimental program and analyses of this work have been detailed in the earlier

progress reports submitted under this project.

The study and understanding of the cyclic creep and stress rupture, or

very low cycle fatigue behavior of ODS alloys, is essential for advanced ma-

terials applications. One recent estimate is that 50 to 90% of turbine

airfoil failures can be attributed to low cycle fatigue, and this mode of

deformation is one of the least understood factors that control engine life

(5). There are many situations of low frequency loading and unloading in

turbine engine operation, viz., the basic cycles of engine start-up and

shutdown, or the thermal strains that occur during temperature variations

resulting from rapid changes of power setting.

Our analysis of the literature on the subject, previously reported,

found that the systematic work to characterize cyclic creep and stress rup-

ture properties in alloys of engineering interest is scanty and in high

temperature ODS alloys is nonexistent. Beyond the obvious practical need

for this work, there is, we feel, considerable scientific interest in the

creep and stress rupture behavior of ODS alloys under cyclic loading. The

ODS alloys have the potential to demonstrate unusual cyclic creep properties

because they may store a large amount of anelastic (time dependent, recover-

able) strain in the dislocations bowed between oxide particles.

In our last (second year) progress report, we described the modification

kI
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of our experimental facilities for cyclic creep and stress rupture testing and

reported on the work carried out with MA 754. In the past fifteen months, the

focus of our efforts has been the alloy MA 6000E. The cyclic creep and stress

rupture behavior of MA 6000E at 7600C will be described, and comparisons drawn

to the cyclic creep properties of MA 754 and of a conventional superalloy show

that the effects of cyclic loading during creep are more significant and pro-

nounced in ODS alloys than in other alloys and y' strengthened superalloys that

are not dispersioned strengthened. The ongoing work that will be completed

during the final program year will be detailed.

(p
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Progress Report: Cyclic Creep of MA 6000E

Performing cyclic creep tests on the oxide dispersion strengthened (ODS)

alloy MA 754 has resulted in a deceleration of the creep rate as evidence by

a decrease in the minimum strain rate and increase in the rupture life rela-

tive to the static ease. The next step was to determine whether this effect

would occur for another ODS alloy, MA 6000E, which differs from MA 754 in two

important respects. First, MA 6000E is precipitation as well as oxide disper-

sion strengthened. Second, MA 6000E has an extremely large grain size. Thus,

the effect of cycling the load on an alloy which contains two major modes of

strengthening will be documented, and since MA 6000E possesses a texture and

an extremely large grain size, essentially no grain boundaries are present in

the test specimens. As will be discussed, the lack of grain boundaries aids

in determining the mechanism which is responsible for the creep deceleration.

All cyclic tests were carried out at the temperature of 7600C, using

modified creep machines described in the second year progress report. The

load was cycled between a maximum value of 531 MPa and a minimum value of

41 MPa. The maximum load was chosen to give a rupture life of approximately

50 hours under static creep conditions while the minimum load resulted in no

detectable creep at the test temperature. The load was applied in the form

of a square wave. That is, the time at maximum load equaled the time at

minimum load. The cyclic period, defined as twice the hold time, was varied

between 20 hours and 10 minutes.

A MINC computer is now being used to collect data from the cyclic and

static creep tests. The MINC gives a continuous plot of strain as well as

strain rate versus time while the test is still in progress. This continuous

feedback of results provides the capability of switching between cyclic and



static testing at specific intervals during a single test. This type of test-

ing is necessary if the mechanism which accounts for the creep deceleration

is to be elucidated. Additionally, the MINC provides the resolution to ana-

lyze the fine points of the relaxation data on a cycle-by-cycle basis.

The effect of cycling the load is illustrated by the data listed in

Table 1. There is a significant decrease in the minimum strain rate and an

increase in the rupture life relative to the static case, as the cyclic period

is reduced. The tests carried out at cyclic periods of 40 and 10 minutes were

interrupted after 200 hours on load (400 hours of total test duration). At

this time there was still no evidence that the specimen had gone into ter-

tiary creep. The creep deceleration of MA 6000E is quite substantial. There

is an order of magnitude decrease in the minimum strain rate in going from a

static test to a cyclic period of 10 minutes.

By taking the ratio of the cyclic to static minimum strain rate, a nor-

malized plot can be obtained. Such normalized plots are shown in Fig. 3 for

the 7600C cyclic creep data of MA 6000E, MA 754 and Udimet 700, a precipitation

strengthened superalloy which is being studied for comparison purposes. As

can be seen, the creep deceleration is more dramatic for MA 6000E than for

MA 754 or Udimet 700. The frequency (1/cyclic period) at which the decrease

in the minimum strain rate becomes substantial is very dependent upon the

alloy. For example, at a frequency of 0.10 hours-1 , or a cyclic period

of 10 hours, MA 6000E has a strain rate equal to half that of the static case,

whereas MA 754 and Udimet 700 show no appreciable creep deceleration at this

frequency.

The reason for the different frequency dependences among the alloys must

have to do with the mechanism which is responsible for the creep deceleration.
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This mechanism involves the recovery of anelastic strain (anelastic relaxation)

during the time at minimum load. During the period at maximum load, the creep

strain is actually composed of two parts, a nonrecoverable strain and an an-

elastic strain. During the subsequent period at minimum load, the anelastic

strain is recovered and therefore does not contribute to the cyclic creep rate.

At higher frequencies a greater percentage of the strain accumulated at max-

imum load goes into the storage of anelastic strain, resulting in a greater

deceleration of the creep rate. Thus, the frequency dependence of the creep

deceleration of a material is strongly dependent upon the material's ability

to store and recover anelastic strain.

One possible explanation to account for the anelastic relaxation during

the time at minimum load involves grain boundary sliding. In fact, grain

boundary sliding has been proposed as the major mechanism of anelastic re-

laxation in some metals (6). By observing anelastic relaxation and creep

deceleration during cyclic testing of MA 6000E, an alloy which contains

essentially no transverse grain boundaries in specimens used in the tests,

a possible mechanism has been ruled out. From the results of MA 6000E, it

can be concluded that the mechanism of anelastic relaxation involves dislo-

cation motion in the grains of the material.

In keeping with the proposed mechanism of recovering anelastic strain

which is responsible for the observed creep deceleration, an equation has

been derived to give the functional dependence of the minimum strain rate

with frequency. By fitting a single parameter to the data, the magnitude

of the effect of cycling the load can be determined for any given alloy.

The lines which appear in Fig. 3 are the best fit values of this equation.

After having deduced that the creep deceleration is the result of



8

anelastic strain recovery during the time at minimum load, the goal of work

in the fourth and final program year is to pinpoint what characteristics of

an alloy are necessary for creep deceleration to occur. First, cyclic creep

tests will be performed on a nickel-20 percent chromium solid solution alloy,

which is essentially MA 754 without the oxide dispersoids. Depending on

whether or not deceleration is observed for this series of tests, the impor-

tance of the oxides in the deceleration process will be indicated. Second,

work will be carried out on superalloy single crystals in order further to

determine how grain boundaries effect the cyclic creep rate and further to

assess y' strengthened superalloy as opposed to ODS alloy cyclic creep be-

havior.

After determining which parts of the microstructure are most important

to the creep deceleration process, tests which vary the temperature and the

minimum load will be performed. Since the recovery of anelastic strain is a

thermally assisted process, the effect of varying the temperature should be

documented. Also, if the value of the minimum load becomes too high, anelas-

tic relaxation will be prevented from occurring during the minimum load

period. The minimum load at which the cyclic creep deceleration effect is

lost may be an important material parameter for an alloy.

In addition to finishing the cyclic work as just described, the exper-

iments to characterize the notch rupture of ODS alloys will be completed.

Previously the notch rupture behavior of MA 754 at 7600C was reported.

Currently the 7600C notch rupture properties of MA 6000E are being obtained,

and before the finish of the final year of the program notch testing will be

carried out at 10930C for both MA 6000E and MA 754.
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TABLE I

Cyclic creep and stress rupture
data for MA 6000E at 7600C with
load cycling between 531 MPa and
41 MPa.

CYCLIC CREEP RATE RUPTURE

PERIOD x lO-8/sec LIFE

Static 9.55 44 hrs

20 hrs 7.24 49 hrs

10 hrs 6.31 65 hrs

6 hrs 3.53 94 hrs

4 hrs 2.04 151 hrs

2 hrs 2.19 149 hrs

40 min 1.45 ---

10 min 0.81

ir!



r 11

800 900 1000 1100 ( C)
110

o MAR M200 (DS) 2

100 o IN 100 2 700

A UDIMET 700 2

90
* MA 6000E (Ref. 3)

600

a MA 754 (Ref. 4)
80

500
" 70

-. I I
0 60

0-400
C1

00• - 50

( -300
I-,,,40LU

30 -

200

20-

10 -100

'0 
-4 '

1400 1600 1800 2000 F)

Fig. 1. The stresses to cause creep rupture at 100 hours for MA 754, MA 6000E,
and for several conventional cast and wrought nickel base superalloys are
compared at different temperatures. The ODS alloys MA 754 and MA 6000E have
the best high temperature strength, and MA 6000E also has intermediate
temperature strength comparable to the conventional nickel base superalloys. j
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Fig. 2. This dark field transmission electron micrograph
shows the unique microstructure of ODS alloy MA 6000E.
Both the y' precipitation and the oxide dispersoids (which
are distributed uniformly throughout both the matrix and
the y' phases) can be seen.
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Fig. 3. A normalized plot of the ratio of the
cyclic to static minimum creep rate as a func-
tion of the cycling frequency is shown for
MA 754, MA 6000E and Udimet 700. The cyclic
creep deceleration is most pronounced for
MA 6000E, and the frequency at which the de-
crease in the minimum creep rate becomes sub-
stantial is alloy dependent, being lower for
MA 6000E than for the superalloy Udimet 700

or for the other ODS alloy MA 754.
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quest to discuss our results. (Special Metals and INCO are the world's

two major producers of ODS superalloys.)

3. Two separate day-long meetings with Prof. Che-Yu Li of Cornell University

to present our experimental results and discuss cyclic creep and low

cycle fatigue behavior in relation to Cornell's phenomenological models

for transient deformation.

4. Seminar at Olin Corporation, New Haven, CT, to present our results and

interpretation of cyclic creep behavior for a wide-range of alloys.
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